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palavras-chave Incêndios florestais, severidade do fogo, eucalipto, pinheiro, 
escorrências superficiais, erosão, fósforo total, azoto total 
resumo Nas últimas décadas, o número de incêndios tem aumentado 
significativamente na Europa mediterrânea, incluindo Portugal. Além de 
um conjunto de impactos diretos, os incêndios florestais podem encadear 
mudanças em processos geomorfológicos e hidrológicos durante um 
período comumente referido como "windows-of-disturbance". É cada vez 
mais reconhecido que estes efeitos indiretos dos incêndios dependem da 
severidade do fogo, ou seja, as alterações induzidas pelo aquecimento 
do fogo no coberto do solo, bem como nas suas propriedades, tais como 
capacidade de infiltração, estabilidade de agregados e repelência à 
água. No entanto, o papel exato da severidade do fogo em processos 
hidrológicos e de erosão pós-fogo ainda é pouco quantificado em muitas 
partes do mundo, incluindo Portugal. Outra falha encontra-se no estudo 
dos impactos dos incêndios sobre as perdas de fertilidade do solo, em 
especial através da erosão por escoamento superficial. Ambas as 
lacunas foram abordadas neste estudo, na sequência de um incêndio 
ocorrido em julho de 2013, em Talhadas (Sever do Vouga, Aveiro) em 
que foram queimados cerca de 815 ha. Na área ardida e nas áreas 
circundantes não queimadas, seis locais de estudo foram selecionados 
e, imediatamente depois do incêndio, instrumentado com parcelas de 
escoamento superficial. Dois dos locais eram não queimados, dois foram 
queimados com baixa severidade e os outros dois com alta severidade; 
em todos estes cenários está localizada uma plantação de Eucalyptus 
globulus e Pinus pinaster. De forma a compreender a contribuição dos 
incêndios florestais para a qualidade da água superficial, também foi 
instalada uma estação hidrométrica de fluxo permanente. Após a 
instrumentação dos locais, a escorrência superficial foi recolhida em 
intervalos de 1 a 2 semanas para posterior análise em laboratório com o 
objetivo de determinar o conteúdo de sólidos suspensos totais e as 
concentrações de azoto e fósforo totais. Os resultados obtidos neste 
estudo mostram que a severidade do fogo desempenha um papel mais 
importante na perda de nutrientes e sólidos do que o tipo de vegetação. 
As áreas de alta severidade estão associadas a maior exportação de 
nutrientes e sólidos relativamente às áreas não queimadas. Entre pinhal 
e eucaliptal, para os três parâmetros analisados (azoto e fósforo total e 
sólidos suspensos totais) as parcelas não queimadas apresentaram 
maior valor para o eucalipto e as outras duas (baixa e alta severidade) 
para o pinhal. Analisando a evolução temporal à escala da parcela, o 
pinhal teve os eventos mais relevantes no final do período de 
amostragem, enquanto o eucalipto teve os maiores valores de 
exportação nos primeiros eventos de chuva após incêndio. 
Relativamente à escala da bacia, a exportação de nutrientes e sólidos 
foram maiores em eventos de precipitação mais significativos. Este 
estudo destaca a importância de um incêndio florestal como um estímulo 
da perda de solo e fertilidade com consequentes/potenciais impactos na 
qualidade da água superficial 
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abstract 
 
In the last few decades, the number of wildfires has markedly increased 
in Mediterranean Europe, including Portugal. Besides a range of direct 
impacts, wildfires can produce profound changes in geomorphological 
and hydrological processes during a period commonly referred to as the 
“window-of-disturbance”. It is now increasingly recognized that these 
indirect wildfire effects depend strongly on fire severity, i.e. the heating-
induced changes in vegetation and litter cover as well as in topsoil 
properties such as infiltration capacity, aggregate stability and soil water 
repellency. Nonetheless, the exact role of fire severity in post-fire 
hydrological and erosion processes is still poorly quantified in many parts 
of the world, including Portugal. Another important gap in fire-related 
research stills to be the impacts of wildfire on soil fertility losses, in 
particular through erosion by runoff. Both research gaps were addressed 
in this study, following a wildfire that took place in July 2013 in Talhadas 
(Sever do Vouga, Aveiro) and burnt circa 815 ha. In the burnt area and 
the surrounding unburnt areas, six study sites were selected and, 
immediately after the fire, instrumented with slope-scale runoff plots. Two 
of the sites were long-unburnt, two were burnt at low severity and the 
other two were burnt at high severity; for all of them one being covered 
by a Eucalyptus globulus plantation and the other by a Pinus pinaster 
plantation.To understand the contribution of wildfires to surface water 
quality, it was also installed an hydrometric station in a permanent stream. 
Following the instrumentation of the sites, runoff was measured at 1- to 
2-weekly intervals and, whenever possible, runoff samples and surface 
samples were collected for subsequent analysis in the laboratory with 
respect to total suspended sediments content and total nitrogen and total 
phosphorus concentrations. The results obtained in this study showed 
that the severity of the fire played a more important role in the loss of 
nutrients and solids than the type of vegetation The most severe areas 
had a greater export of nutrients and solids, and the unburned areas 
showed lower values. Between pine and eucalyptus, for the three 
analyzed parameters (total nitrogen, total phosphorus and total 
suspended solids) the control slope had higher value for eucalyptus and 
the other two (low and high severity) for pine. Looking at the temporal 
evolution at slope scale, pine stand had its main events in the lattest dates 
and eucalyptus on the earlier dates after fire. As for the catchment scale 
the export of nutrients and solids were higher with major precipitaiton 
events. This study highlight the importance of wildfire as a driver for the 
soil and fertility loss with consequent/potential impacts on surface water 
quality. 
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1 Introduction 
 
1.1 Forest wildfires: occurrences and impacts on national territory 
 
According to the Global Forest Resources Assessment (FRA, 2010), a wildfire can be defined 
as any uncontrolled and/or unplanned occurring vegetation fire. The Food and Agriculture 
Organization of the United Nations (FAO, 2001) reports that several hundred million hectares 
of forest are estimated to burn annually throughout the world consuming several billion tons 
of dry biomass. These numbers tend to increase as the Intergovernmental Panel on Climate 
Changes report (IPCC, 2013) predict more frequent warm days and nights and an increase in 
the number of heavy precipitation events. Shakesby (2011) refers that, along with the drier 
summers, the migration of the population to the coast big centers that brings to an 
abandonment of land (land management and practices) increasing the fuel wood collection 
and this is another reason for the increase of fire activity. 
Wildfires are particularly problematic in the Mediterranean region since they occur with high 
frequency, and according to World Wilf Fung (WWF, 2003) the estimated annual average of 
50,000 fires burnt an area of 600,000 to 800,000 hectares of Mediterranean forest every 
year. Baldi et al. (2006), using a heat wave index, showed that in Mediterranean countries 
there was an increase of such heat wave days since the 1950s, which coincides with the 
period where there was an increase of wildfire activity. These heat wave days are increasing 
due to the extreme climatic events in the Mediterranean Europe. 
In Portuguese territory, only in the last decade about 1 500,000 hectares forests burnt, as 
can be observed in Figure 1. During this period, the numbers from 2003 deserves a special 
attention: there was a heat wave in Portugal in that year that resulted in a total burnt area 
corresponding to 4% of the country area (Shakesby, 2011). There was another especially 
concerning year with around 340,000 hectares of burnt area in 2005. Even in years with 
lower burnt area, the number of occurrences is always huge (always higher than 5,000 
occurrences).  
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Figure 1 - Burnt area and number of wildfires in Portugal from 2001 until 2014 (Source: Relatório provisório de incêndios 
florestais 01 de janeiro a 30 de setembro -2014) 
 
According to the Inventário Florestal Nacional (IFN, 2013), the most part of Portugal land use 
is forest (35.4%) and in that percentage the land use is mainly Eucalyptus ssp (26% of forest 
area) and Pinus ssp (about 23% of forest area) plantations. Both tree species are fire prone 
species: eucalyptus because of the existence of volatile substances and pines because it 
accumulates a leaf litter in the soil. 
 
1.2 Effects of wildfire in soil loss and its fertility 
 
Wildfires have consequences at very different levels, including environmental, social and 
economic impacts. The direct effects are the loss of life and/or harm people and/or animals 
that are caught in the fire, burning of vegetation, destruction of properties and/or 
possessions and huge amount of released smoke. As secondary effects there are health 
problems due to the high amounts of smoke and ashes, loss of jobs and incomes for 
agricultural workers, soil erosion and landslides due to the loss of vegetation and loss of 
habitats for animals that can lead do extinction. 
One of the most affected compartments by wildfire is the terrestrial, therefore it is important 
to realize the impacts on chemical and physical properties of soil such as: increased porosity, 
detachment of the soil from the surface, loss of organic matter, water repellency behavior 
and alteration on stability of aggregates. (e.g., Shakesby and Doerr, 2006; Zavala et al., 2010; 
Shakesby, 2011; Inbar et al., 2014).  
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At the soil level, the effects of a wildfire can be distinguished into two groups: (i) as a direct 
effect of high temperatures, there is an increased mineralization of organic matter (with 
consequent reduction in structural complexity and increase in pH through the release of 
soluble cations); (ii) as an indirect effect resulting from the loss of vegetation and litter, there 
is a higher vulnerability to erosive processes plus considerable changes in the hydrological 
regime (Certini, 2005). 
The increase on soil erosion results from a balance between erodibility – resistance of soil 
from being moved and erosivity – forces that cause movement, where usually the eroding 
agents are wind and water (Shakesby, 2011). According to Wainwright and Thornes (2004) 
and Zavala et al. (2010) vegetation, litter and surface stones have great impact in modifying 
the response of a soil to erosion. 
Burnt severity, which can be defined as a function of the duration of burning at a particular 
point and its intensity, is also an important factor on the changes on soil properties and 
erosion. Burnt severity is affected by the amount, nature and moisture of live and dead fuel, 
air temperature and humidity, wind speed and topography of the site (Certini, 2005). The 
duration of the fire is possibly the component that results in the greatest underground 
damage, actually intense but fast moving fires transfer heat to only a few centimeters below 
surface. According to some authors (Moreno and Oechel, 1989, Campos et al., 2012, Maia 
et al., 2012) some measures that have been used are, for example: the color of the ashes 
(black or white), cool or hot fires, the degree of fuel combustion, stand destruction, season 
of burning, litter consumption, diameter of remaining twigs.  
Ferreira et al. (2010) adds that the combustion of the vegetation strongly affects the soil 
structure. The combustion of vegetation responds differently according to the fire severity, 
local characteristics, and type of vegetation. One of the impacts of the vegetation 
combustion is the increased porosity of the soil, which can lead to an increase of the post-
fire surface runoff as the same time that nutrients adsorbed in the soil particles became 
more available to be transported by hydrological processes through the post fire runoff 
when they are in their soluble way (Ferreira et al., 2010). The transport of water rich in ashes 
and sediments from a burnt area can bring consequences not only in the area of the fire but 
also in downstream water bodies. (Campos et al., 2012). Post fire runoff, rich in ashes and 
sediments, are a source of export of nutrients and pyrolytic substances such as PAHS 
(Polycyclic Aromatic Hydrocarbons), these substances compromise both water quality and 
aquatic biota (Campos et al., 2012; Silva et al., in press). 
Certini (2005) also defends that soil properties can have short-term, long-term or permanent 
changes, depending on type of soil property, severity and frequency of fires.  
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Wildfires can reach really high temperatures and according to the range of temperatures 
achieved, there are diverse impacts in the organic matter that are resumed in Table 1. 
Although, it is important to refer that low severity fires rarely exceed 100 °C at the surface 
and 50 °C at 5 cm deep (Agee, 1973; Ferreira et al., 2010). Besides the organic matter, there 
are other components that are affected by the increase of the soil temperature, for example, 
according to DeBano (1990) the free moisture is vaporized at approximately 100 °C and lignin 
and hemicellulose begin to degrade at around 130 °C. 
Table 1 - Effects of different temperatures of wildfires in the organic matter (Adapted from: Ferreira et al., 2010)  
Soil Temperature Effect 
180 – 200 °C 
Combustion of the litter layer and the aggregated volatile 
organic compounds distillation 
180 – 300 °C Distillation and combustion of about 85% of the litter 
̴ 280 °C About 35% loss of the total weight of the soil organic matter 
> 300 °C Every superficial organic components is destroyed 
450 °C Every organic matter is consumed 
 
Nutrient loss through superficial runoff is not the only process in which the ecosystems lose 
organic matter, there is another important factor – volatilization – which depends on the 
temperature reached in the combustion. Nitrogen is the element that is more subjected to 
volatilization, with a volatilization temperature around 200 °C. There are needed much 
higher temperatures to volatilize other nutrients: e.g., phosphorus – 774 °C, potassium – 
over 760 °C, sulfur – 800 °C, sodium – 880 °C, magnesium – 1107 °C (Weast, 1988; Ferreira 
et al., 2010). There are different types of reactions happening in the fire, at a temperatures 
between200 and 280 °C reactions are endothermic (reactions that absorbs heat) and when 
the fire temperature exceeds 280 °C the reactions are designated exothermic (reactions that 
produce heat) (DeBano, 1990). 
Another important effect of wildfires on the soil is the formation of a hydrophobic layer, and 
water repellency which can be simply described as the volatilization of hydrophobic 
components due to the exposure to very high temperatures, ranging from the litter layer to 
a deeper layer (Coelho et al., 2004). The type of vegetation is a conditioning factor in this 
process, because those hydrophobic substances are governed by the vegetation (Scott, 
2000), usually this substances aren’t found deeper than 3 cm (Huffman et al., 2001a). 
Depending on soil temperature reached during the wildfire, the hydrophobic layer is formed 
at a greater depth, rarely exceeding 6–8 cm (Certini, 2005; Henderson and Golding, 1983; 
Huffman et al., 2001b), depending on soil characteristics, namely on moisture and particle-
size distribution. This hydrophobic layer has a duration of about one to two years after the 
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fire, since these substances are slightly soluble in water and they are slowly dissolved 
(DeBano, 1981) and it is destroyed at temperatures higher than 280 °C (DeBano et al., 1976; 
DeBano, 1981). According to Savage (1974) and DeBano (1981) those hydrophobic 
substances are basically aliphatic hydrocarbons. DeBano et al. (1967) affirm that the 
reduction of infiltration is the most apparent hydrologic effect, this effect can induce erosion 
by overland flow. 
 
Figure 2 – Schematic representation of formation of a hydrophobic layer (Source: DeBano, 1981) 
Hydrophobic components are aggregated to the soil (pre fire conditions; Figure 2-A) and 
when there is a fire they volatilize due to the high temperatures reached, a part of them goes 
to the atmosphere and the other part moves downward and then when in touch with cooler 
soils they condense (during fire; Figure 2-B) and form a repellent layer that difficult water 
infiltration (post fire conditions; Figure 2-C) (DeBano, 1981).  
The organic matter existing on the soil has a very important role as an aggregating agent, 
and improves soil structure creating pore space and improving aeration. Each individual 
nutrient has different response when subjected to temperature, the temperatures at which 
they start to volatilize can be divided in three groups: sensitive, moderately sensitive and 
relatively insensitive (DeBano, 1990). In the sensitive category can be included nitrogen 
(Hosking, 1938) and sulfur (Tiedemann, 1987) with volatilization temperatures of 200 and 
375 °C, respectively. Potassium and phosphorus are included in the class of moderately 
sensitive with a threshold temperature of 774 °C (Raison et al., 1985). Included in the last 
category (relatively insensitive) there are magnesium, calcium and manganese which begin 
volatilization at 1107, 1484 and 1962 °C, respectively.  
To a better understanding of the importance of the nutrients it is presented in Figure 2 the 
cycle of nutrients in a forest environment. According to Costa (2004) nutrients are found in 
the soil in different forms, such as (i) non assimilable forms, where the element is a part of 
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the compost but cannot be absorbed by the plants without a change in its composition, (ii) 
changeable form, where the ions are absorbed in particles surface of mineral or organic 
fraction of the soil and (iii) dissolved form. Nutrient cycle can be summed up in a set of 
biogeochemical processes of inputs and outputs between plants and soil (Bormann and 
Likens, 1967; Attiwill and Adams, 1993). The inputs are mostly wet deposition and biological 
fixation and the outputs occur through volatilization caused by the fire. Rock weathering is 
also a contribution to raise the amount of available nutrients (Attiwill and Adams, 1993).  
 
 
 
 
 
 
 
 
 
 
 
Focusing the two nutrients that will be studied in this work, nitrogen (N) and phosphorus (P), 
they are affected differently by wildfires: when some of the nitrogen is lost through 
volatilization or leaching the same happens to phosphorus in much smaller ways (Certini, 
2005). After a fire, a great amount of nutrients can be found in the ashes, so it is expectable 
that the early precipitation events lead to a higher amount of exported nutrients (Ferreira et 
al., 2005a). After the release of the most of the accumulated ashes nutrient export are 
connected with greater precipitation events.  
Nitrogen is the one that is most likely to limit tree growth in forests and other ecosystems 
(Maars et al., 1983; DeBano, 1990), which means that the limitation of nitrogen can have 
effects in long-term period, although it is the fourth most common element existing in plants 
(Varennes, 2003) and can be found in the atmosphere, water, soil, sediments and organic 
matter. McGill and Cole (1981) referred that the nitrogen contained in the litter layer and 
soil is release by biological processes called as “biochemical cycling”. Due to the close 
relationship between carbon and nitrogen, C:N ratio has an important role in regulating the 
decomposition rate of the organic matter and control the rate in which N is released and 
Figure 3 -Nutrient cycle in forest ecosystem (Adapted from: Attiwill and Adams, 1993) 
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cycled (Turner, 1977; DeBano, 1990). The immediate response to the heat of a wildfire is to 
decrease the nitrogen pools due to volatilization (Fisher and Binkley, 2000), although a main 
portion of organic nitrogen resists to low severity fires. In its most common form nitrogen 
can’t be absorbed by animals and plants, so it needs to suffer processes such as fixation, 
nitrification and ammonification. These processes results in three nitrogen forms: 
ammonium (NH4+), nitrite (NO2-) and nitrate (NO3-). According to McNeill and Unkovich 
(2007), in the natural processes of fixation, N2 and N2O are converted in NH3 and NH4+ by 
bacteria and in NO through electric charges in the atmosphere. On the other hand, in 
combustion processes N2 is converted in NO3- and NH3. In ammonification process, organic 
decomposition leads to the release of NH3 and NH4+, in nitrification process, in the presence 
of oxygen bacteria oxidase NH3 to NO2- and NO3-.  When there is no oxygen, anaerobic 
bacteria use nitrate in the respiratory process and release to the atmosphere N2, this process 
is known by denitrification. There is yet another process, anaerobic oxidation realized by 
other bacteria of NO2- and turn it in NH4+. In figure 3 can be observed the cycle of nitrogen 
and the corresponding reactions.  
Raison et al. (1985) defended that the amount of total nitrogen volatilized during 
combustion is directly proportional to the amount of combusted organic matter. Debell and 
Ralston (1970) refer that 99% of the volatilized nitrogen is reverted in nitrogen gas (N2). Due 
to the fact that decomposition of organic matter can occur without nitrogen volatilization 
(Grier, 1975), the loss of nitrogen is, after all, not proportional to organic matter loss.  
After nitrogen, phosphorus is the second most important nutrient in the vegetal growth 
(Varennes, 2003) and can be found in rocks, soil, water and sediments, and it has an 
important role in biochemical reactions in the energy transfer in organisms, root growth and 
protein synthesis. Phosphorus can be found mostly in phosphate form (PO43-) that is a result 
of rock weathering. It returns to its soluble way through bacteria, being easier to be 
transported through runoff. The reactions involved in this cycle are dissolution, biological 
absorption and remineralization. 
The lack of phosphorus in the soil result in the appearance of P-fixing soils (Vlamis et al., 
1955) which are soils with reduced phosphorus availability (Ghosal et al., 2011). When some 
of the nitrogen is provided by the atmosphere, phosphorus is originated from primary and 
secondary minerals and from organic sources (DeBano, 1990). 
Due to the main importance of nutrients in the environment and the high number of wildfire 
occurrences there have been done several studies about this topic. According to Certini 
(2005), nitrate concentration in soils was affected immediately after and also one year after 
the fire, where its value become much higher than the pre-fire amount. Romanya et al. 
(2004) corroborates that fact and, seven months after the fire, in Eucalyptus sp. Forests, the 
authors found higher phosphorus concentration than before the fire. Macadam (1987) found 
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that, nine months after the fire, phosphorus concentration had increased by up to 50% than 
the pre fire conditions and diminished twenty one months after the fire. 
Coelho et al. (2004) establishes a direct relationship between severity and amount of lost 
nutrients. Certini (2005) defend that the heating from a wildfire can also affect nutrient 
availability in an indirect way, because the heating reduce the richness of microbial 
community and with a change in that factor there is a change in the amount of nutrients 
available. 
Thomas et al. (1999) suggests three reasons for the drop in nutrient loss with time: (i) finite 
supply of nutrient-rich ash; (ii) nutrients are in a soluble way and they are easily lost in 
overland flow and (iii) the coarsening of the sediment leads to reduced nutrient 
concentration adsorbed in the soil. 
 
1.3 Soil and nutrient export through runoff in burnt areas 
 
Ferreira, et al. (2005b) mentions that nutrients in solution and adsorbed in sediments were 
found in larger quantities in burnt areas (results found in second and third year after fire) 
because of the increased overland flow and increased amount of ashes when compared with 
long term unburned forests (Thomas et al. 1999, 2000a, 2000b). From the studied realized 
by Ferreira et al. (2005b), it was possible to conclude that the loss of solutes, from both plots 
and catchments scale, was higher in burned areas than in the control ones. This shows that 
there is a large amount of nutrients loss in its soluble way, more notable in the first four 
months after fire (Ferreira et al., 2005b). Lasanta and Cerdà (2005) observed that the loss of 
solutes are more relevant in the first months after the fire, although Thomas et al. (1999, 
2000a, 2000b) found that during the second and third year after the fire, the nutrient loss 
was still suggestively higher than in unburned plots. Thomas et al. (1999) attribute the 
increase in nutrient loss to the increased erosion (due to the nutrients that are adsorbed in 
the soil). 
According to Ferreira et al. (2005b) there are other factors that influence the export of 
nutrients such as the disappearance of obstacles to overland flow progression.  
In order to analyze the extension of the impacts of wildfires in soil nutrient loss, it is also 
important to study other factors, such as the overland flow. In literature, several works focus 
this matter and according to White and Wells (1979), Prosser (1990), Scott et al. (1998), 
Cosandey et al. (2005) and Ferreira et al. (2005b) there is a higher overland flow in areas 
where there was a recent wildfire than in unburned areas. Walsh et al. (1994) discovered 
that overland flow on burnt plots was 5-25% higher than in the control, in both eucalyptus 
and pine forests. Other authors as Soto et al. (1993), Ferreira et al. (2005a) and González-
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Pelayo et al. (2006), reported that fire severity has an effect, at plot scale, with less overland 
flow in low and moderate severity than in high severity fires. That last author reported a 
small difference between burnt plots of high and moderate severity, with an increase on the 
runoff of 80% at high severity and 74% at moderate severity plots, when comparing with 
unburnt plot. 
The impacts of wildfire at the catchment scale – such as higher total stream flow, higher 
runoff coefficient and more rapid response to peak flows (Shakesby, 2011) – tend to be 
reduced/disappear with time. This happens mainly because vegetation, litter and soil 
recovery and return to pre-fire conditions, or a similar condition. 
This dissertation theme is included in a FCT (Fundação para a Ciência e Tecnologia) financed 
project named FIRETOX -Toxic effects of wildfires on aquatic systems PTDC /AAG-
GLO/4176/2012). (URL: 
http://www.cesam.ua.pt/index.php?menu=82&tabela=projectosdetail&projectid=591&lan
guage=eng) and one of its goals is assessing the production and exportation of PAHs, metals 
and nutrients by surface runoff in burnt areas with different severities at both plot and 
basin/catchment scale.  
 
1.4 Dissertation aims and structure  
 
The main objective of this work was to study the effect of wildfire on soil and nutrient losses 
by surface runoff and its contribution to the surface water quality. The specific goals were: 
evaluate the influence of fire severity (high vs low severity) and forest type (pine vs 
eucalyptus plantations) on the export of nutrient and solids by surface runoff at two different 
levels: plot scale and basin scale.  
The structure of this dissertation is divided in three chapters, the first one is a general 
introduction about the relevance of this study, the impacts of wildfires in soil and nutrient 
aspects and the main objectives of this work. Chapter two is in paper form and it contains all 
the information about the study that was made, such as, state of the art, brief introduction, 
methodology, results, discussion and conclusions. The final chapter is the general 
conclusions and final considerations of the study. 
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2 Export of solids and nutrients from burnt areas: effects of fire 
severity and forest type 
 
2.1 Abstract 
 
In the last few decades, the number of wildfires has markedly increased in Mediterranean 
region. Wildfires have a large range of impacts with serious consequences on social, 
economic and environmental areas. Among the environmental effects – wildfires can 
produce profound changes in geomorphological and hydrological processes during a period 
commonly referred to as the “window-of-disturbance”. It is recognized that these wildfire 
effects depend strongly on fire severity with heating inducing changes in vegetation and 
litter cover as well as in topsoil properties such as infiltration capacity, aggregate stability 
and soil water repellency. The main goals of this study was assess the influence of fire 
severity and vegetation type in nutrient and soil export. Therefore, after a wildfire in July of 
2013, in Talhadas, Sever do Vouga, six areas – with both types: eucalyptus and pine 
plantations; and different fire severities: high and low severity plots, plus two long-unburnt 
plots – were instrumented with slope-scale runoff plots. Superficial runoff samples were 
collected (bi) weekly to analyze total suspended sediments contents and total nitrogen and 
total phosphorus concentrations. Results showed that fire severity played a much more 
important role than forest type in post-fire soil erosion and soil fertility losses. While the 
occurrence of fire markedly increased soil (fertility) losses, this effect was much stronger 
following a high-severity than low-severity fire. In the case of the pine slope, this effect of 
fire severity could be attributed to post-fire pine needle cast, with pine needles being 
scorched by the low-severity fire and being combusted by the high-severity fire. 
 
Keywords: Wildfire, Soil fertility, Soil loss, Eucalyptus globulus, Pinus pinaster 
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2.2 Introduction 
 
In the last decade, in Portugal, there has been an increase of wildfire occurrences and burnt 
area that can be associated to the lack of management of the forest areas and the climate 
changes trends (Ferreira et al., 2005a; IPCC, 2013). Wildfires have negative consequences at 
social, economic and environmental level, some of its impacts are injuries or loss of human 
and animal life, burning of vegetation and also lead high soil erosion and landslides.  
At environmental level there are included the impacts of wildfires in chemical and physical 
properties of the soil such as increased porosity (which can lead to an increase of the surface 
runoff), detachment of the soil from the surface, loss of organic matter and water repellency 
behavior (Shakesby and Doerr, 2006; Zavala et al., 2010; Shakesby, 2011; Inbar et al., 2014). 
This increase of the runoff contributes to a raise of exported nutrients in their soluble forms 
(Thomas et al., 2000; Ferreira et al., 2005a), at the same time that at “rainsplash” events 
(increase of erosion due to the destruction of the vegetation that protects the soil from the 
raindrops) there is a loss of nutrients that are retained in the sediments (Thomas et al., 1999). 
Ferreira et al. (2010) adds that the combustion of the vegetation strongly affects the soil 
structure, although this factor responds differently according to the fire severity, local 
characteristics, and type of vegetation. The transport of surface water rich in ashes and 
sediments from a burnt area led to off-site effects, namely in downstream water bodies, with 
pyrolytic substances compromising both water quality and aquatic biota (Campos et al., 
2012; Silva et al., in press).  
Besides the loss of nutrients and soil trough superficial runoff, there are other processes, 
such as volatilization, that contributes to nutrients loss. Nutrients’ volatilization is influenced 
by the temperatures reached in a wildfire and for nitrogen and phosphorus the volatilization 
temperatures are of 200 and 774 °C, respectively (Weast, 1988; Ferreira et al., 2010). The 
volatilization occurs not only to the nutrients but also to other hydrophobic substances with 
the formation of a hydrophobic layer, which is formed deeper as the wildfire temperature 
increases (Coelho et al., 2004). The type of vegetation is a conditioning factor in this process, 
because those hydrophobic substances are governed by the vegetation (Scott, 2000).  
This work focused only in two nutrients, total nitrogen (TN) and total phosphorus (TP), 
nutrients differently affected by wildfires. According to DeBano (1990) some nitrogen is 
provided by the atmosphere, while the main sources of phosphorus are primary and 
secondary minerals and organic sources. After a fire, a great amount of nutrients can be 
found in the ashes, so it is expectable that the early precipitation events lead to a higher 
amount of exported nutrients (Ferreira et al., 2005b).  
Nonetheless, the exact role of fire severity, as well as the role of the pre fire plantations, in 
post-fire hydrological response and erosion processes is still poorly studied and it can have 
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a direct effect on the amount and type of ashes and have effects in the nutrients available 
for transportation. Another important gap in fire-related research continues to be the 
impacts of wildfire on soil fertility losses, in particular through erosion by water. So, the 
major goals of this work is assess the export of nutrients (total nitrogen and total 
phosphorus) by surface runoff in burnt areas with different severities and different plant 
cover at both plot and basin/catchment scale.  
 
2.3 Methodology 
2.3.1 Study area 
 
In order to study the effects of wildfires in soil fertility and its loss a recent burnt area was 
selected and instrumented (Figure 6). In this area 815 hectares were burned in July of 2013 
and it is located in Talhadas, Sever do Vouga in Aveiro’s district. The approximate coordinates 
of this chosen area are 40°39’58.97’’N, 8°21’53.86’’W. According to Agência Portuguesa do 
Ambiente - APA (2011a) the average annual precipitation of this area is about 1300 mm and 
the average temperature is 15.4 °C. (IPMA, 2011). The dominant vegetation in this area are 
Figure 4 - Study area (a) – Portugal in Europe, (b) Aveiro district, (c) study site (Google map) 
Eucalypt Control (EC) Flume Eucalypt Low Severity (ELS Eucalypt High Severity (PHS) 
Pine Control (PC) Pine Low Severity (PLS) Pine High Severity (PHS) Rainfall Gauges 
(a) 
(b) 
(c) 0 560280
Meters
±
Basin Delimitation Water lines (Stream) 
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eucalyptus and pine trees. The type of soil that can be found in this area is cambisol humic 
(Schistous) (APA, 2011b). 
The study area includes one sub-basin of Vouga basin (which have a total area of 363,500 
hectares) with an extension of 225 hectares. This basin is monitored with a hydrometric 
station (Flume, Figure 7) that records several parameters: precipitation, water turbidity and 
level of the water. Besides that, it has an automatic sampler that capture water samples (up 
to a maximum of 24 samples) when the stream level raises certain predefined levels. 
 
Figure 5 - Hydrometric Station (Flume) 
At the plot scale there were defined six areas: pine high severity (PHS), pine low severity 
(PLS), pine control (PC), Eucalyptus High Severity (EHS), eucalyptus low severity (ELS) and 
eucalyptus control (EC). In order to determine the severity of the fire and select high and low 
severity plots it was necessary to analyze several places by photography and visual 
inspection. The analyzed factors that allow a distinct characterization of the area are the 
level of crown damage, this can be estimated by rating a percentage of green needles at the 
top of the crown (Otto et al., 2010; Pausas et al., 2003; Vega et al., 2008), diameter of 
remaining twigs and color of ash layers, in which dark colored areas are considered to 
represent an area with almost complete consumption of the crowns and light colored areas 
were interpreted to be areas that retain substantial amount of dead needles (Campos et al., 
2012, Maia et al., 2012). All the three areas were equipped with one open plot (OP) 
connected to the 500 L tanks where the samples were collected (Fernandes et al., 2010).  
 
2.3.2 Sampling Procedures 
 
Taking into account the volume of each tank there was collected a composed sample based 
in that proportion. After homogenization, the samples were collected in five liters plastic 
bottles. Once in the laboratory the samples were divided in two, one portion to analyze Total 
Suspended Solids (TSS) and the other to analyze the nutrients. The amount saved to analyze 
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TSS was stored at 4°C, while the other part was stored at -20 °C for a minimum time until 
they were processed.  
 
2.3.3 Monitoring 
 
The monitoring period took place between September 2013 and Abril 2014, with (bi) weekly 
visits. In each fieldtrip there were collected samples from all the plots and from the flume- 
During this period 263 samples were collected and analyzed. 
 
2.3.4 Laboratorial Analysis (Nutrients and Total Suspended Solids) 
 
Concentration of total phosphorus and total nitrogen were determined through colorimetric 
method, using a flow injection analyzer (FIAstarTM 5000 Analyzer from FOSS) (Figure 8). The 
analysis was determined following ISO 15681-1 for total nitrogen and ISO 11905 for total 
phosphorus. The concentration range for phosphorus is between 0.01 – 1 mg.L-1 and 0.5 – 5 
mg.L-1 P-PO4 and for nitrogen is between 0.1 – 5 mg.L-1 N.  
 
Figure 6 - Nutrient Analyzer 
Relatively to the total suspended solids were determined through gravimetric methods and 
the analysis were done according to 2540 D method defined by APHA (1999), and there were 
used glass microfiber filters 1.5 μm porosity. After the filtration, they were placed in the 
stove for 24 hours at 105 °C. 
 
2.3.5 Data analysis 
 
In order to determine and compare the amount of exported nutrients it was necessary to 
apply different equations, at the plot scale (Equation 1) and at catchment scale (Equation 2) 
(Machado, 2012).  
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In which m represents the amount of nutrients that were exported, c is the concentration 
per liter of sample, vrunoff is the volume of the runoff, A is the area of each plot and Q is the 
flow rate.  
At catchment level it was also calculated a ration between export values and duration for 
each event, so it is possible to determine which event had the greater export values for total 
nitrogen, total phosphorus and total suspended solids.  
Runoff coefficient is also an important factor to be determined. It is represented by Equation 
3 and is the relation between runoff (R) and precipitation (P) multiplied by the ratio between 
the area of the plot (A) and the horizontally projected area (HPA). 
𝑅𝑢𝑛𝑜𝑓𝑓𝐶𝑜𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =
𝑅 [𝑚𝑚]
𝑃 [𝑚𝑚]
∗
𝐴 [𝑚2]
𝐻𝑃𝐴 [𝑚2]
 Equation 3 
The statistical analysis was realized in SigmaPlot for Windows version 11.0 for a significant 
level of 0.05. One of the realized tests were boxplots with the objective of analyzing the 
global pattern of export of nutrients and total suspended solids in the monitored period. In 
order to evaluate the relation between the analyzed parameters a Pearson product moment 
correlation was realized. ANOVA, followed by Tukey test was also tested to analyze the 
significant differences in total nitrogen, total phosphorus and total suspended solids 
between vegetation and severity effect. Before this analysis all data were checked for 
normality and homogeneity, and since it didn’t complied only with the first one they were 
transformed using logarithm or square root functions to induce normality. 
 
2.4 Results 
2.4.1 Slope Scale 
 
Total values for total nitrogen, total phosphorus and total suspended solids during the 
sampling period, along with the runoff and precipitation for each slope are represented in 
Table 2. In what concerns the total values, eucalyptus control has higher values of all the 
three parameters when compared with pine control. As for the low and high severity pine 
stand is the one with highest values for total nitrogen, total phosphorus and total suspended 
solids. 
𝑚𝑖[𝑔. ℎ𝑎
−1] =
𝑐𝑖[𝑔. 𝐿
−1] ∗ 𝑣𝑟𝑢𝑛𝑜𝑓𝑓[𝐿]
𝐴[ℎ𝑎]
 Equation 1 
𝑚𝑖[𝑔. ℎ𝑎
−1] =
𝑐𝑖[𝑔. 𝐿
−1] ∗ 𝑄[𝐿. 𝑠−1] ∗ 3600 [𝑠. ℎ−1]
𝐴 [ℎ𝑎]
 Equation 2 
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Table 2 - Total export of nutrients (total nitrogen -TN, total phosphorus-TP) and total suspended solids (TSS) export along 
with the total runoff and precipitation for the several sites (EC- eucalypt control; ELS – eucalypt low severity; EHS - 
eucalypt high severity, PC – pine control, PLS – pine low severity, PHS – pine high severity) during the studied period. 
Total values  EC ELS EHS PC PLS PHS 
TN [mg.m-2] 3.94 4.02 47.27 1.84 37.76 161.09 
TP [mg.m-2] 0.24 1.43 18.11 0.13 3.31 24.86 
TSS [kg.ha-1] 0.84 5.83 87.12 0.55 6.02 244.96 
Runoff [mm] 2.83 2.49 17.16 3.08 10.21 20.11 
Precipitation [mm] 1996 1973 1682 1568 1568 1682 
 
2.4.1.1 Fire Severity effect 
 
From the three pine sites, the high severity site revealed the highest total values of exported 
nutrients and sediments (total nitrogen – 161.1 mg.m-2, total phosphorus – 24.9 mg.m-2 and 
total suspended solids – 244.96 kg.ha-1) followed by the low severity site (total nitrogen – 
37.8 mg.m-2, total phosphorus – 3.3 mg.m-2 and total suspended solids – 6.02 kg.ha-1) and, 
subsequently, the control site (total nitrogen – 1.8 mg.m-2, total phosphorus – 0.13 mg.m-2 
and total suspended solids – 3.08 kg.ha-1 (Table 2).  
Figure 7 shows the evolution of these losses throughout the 8-month study period. Despite 
some peaks, the high severity plot is the one with higher exported values of all the three 
analyzed parameters followed by the low severity plot. Table 3 represents all the correlation 
factors between total nitrogen, total phosphorus, total suspended solids, precipitation and 
runoff for each plot. The factors that have the strongest correlation for control are runoff 
with total nitrogen (p<0.001), for low severity are total suspended solids with total 
phosphorus (p<0.001) and total nitrogen with runoff (p<0.001) and for high severity are 
runoff with both nutrients (same p-value<0.001).  
Regarding the runoff volume per plot: in control the highest captured volume was 1.04 mm 
in 9th of January and 11th February 2014, in low severity plot the peak was also in 9th January 
with 3.41 mm and for high severity plot the maximum volume was 3.13 mm in 3rd of March 
2014. When the export of nutrients is focused, the higher value of export for total nitrogen 
was for control plot: 0.72 mg.m-2 in 9th of January 2014. For low severity was 13.15 mg.m-2 
in the same date, and for high severity was 24.64 mg.m-2 in 3rd of March 2014. When the 
total phosphorus is analyzed the higher value for control was 0.03 mg.m-2 in 9th of January 
2013, for low severity was 2.5 mg.m-2 in 8th of October 2013 and for high severity was 3.86 
mg.m-2 in 11th of February 2014. Finally the total suspended solids has a higher value of 0.17 
kg.ha-1 for control (16th of January 2013), 2.3 kg.ha-1 for low severity (8th of October 2013) 
and 49.8 kg.ha-1 for high severity (1st of April 2014). 
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Figure 7 – Temporal evolution of the three analysed parameters (total nitrogen (TN), total phosphorus (TP) and total 
suspended solids(TSS)) along with precipitation and runoff for the unburnt  (PC), low severity (PLS) and high severity(PHS) 
areas for pine slopes during the monitored period. 
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In Figure 8 is represented the evolution of the export of nutrients and total suspended solids 
for eucalyptus plot. As it was observed in pine plots the same pattern is denoted in this case, 
high severity had higher export values (total nitrogen – 47.3 mg.m-2, total phosphorus – 18.1 
mg.m-2 and total suspended solids – 87.12 kg.ha-1) than the low severity (total nitrogen – 
4.02 mg.m-2, total phosphorus – 1.43 mg.m-2 and total suspended solids – 5.83 kg.ha-1) and 
with the lowest values, the control slope (total nitrogen – 3.94 mg.m-2, total phosphorus – 
0.24 mg.m-2 and total suspended solids – 0.84 kg.ha-1) (Table 2). Eucalyptus plot also had its 
nutrients and total suspended solids peaks coincident with the amount of runoff and 
precipitation. According to Table 4 the strongest correlation for eucalyptus control is 
between runoff and total phosphorus (not significant), for low and high severity is between 
total phosphorus and total suspended solids (p<0.001, for both). Was also noticed some 
correlation factor that had negative correlation, as for example precipitation and total 
suspended solids in the control slopes. Although the same happens for the following 
correlations: runoff and total suspended solids for control, runoff coefficient and 
precipitation for control and high severity. 
Relatively to the runoff in high severity slopes the maximum value was 2.96 mm in 22nd of 
October 2013, in low severity was 0.3 mm in 2nd of January and in the control slope the 
maximum volume was captured in 9th of January with a value of 1.13 mm. The higher value 
of export for total nitrogen was 1.24 mg.m-2 for control in 9th of January 2014, 1.07 mg.m-2 
for low severity in 8th November 2013 and 6.79 mg.m-2 for high severity in 2nd of January 
2014. Concerning the total phosphorus, the higher value for control was 0.05 mg.m-2 in 8th 
of October 2013, 0.58 mg.m-2 in the same date and 6.6 mg.m-2 for high severity in 1st of 
November 2013. Finally the total suspended solids has a higher value of 0.024 kg.ha-1 for 
control (17th October 2013), 3.03 kg.ha-1 for low severity (8th of October 2013) and 35.3 kg.ha-
1 for high severity in 1st of October 2013. 
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Figure 8 - Temporal evolution of the three analysed parameters (total nitrogen (TN), total phosphorus (TP) and total 
suspended solids (TSS)) along with precipitation and runoff for the unburnt (EC), low severity (ELS) and high severity (EHS) 
areas for eucalyptus slopes during the monitored period 
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2.4.1.2 Cover effect 
 
Beyond fire severity, vegetation was also a factor assessed in the present study. Figures 10, 
12 and 14 compare the temporal export of solids and nutrients in pine and eucalyptus slopes 
for all three areas: control, low severities and high severities, respectively.  
 Unburnt slopes 
For the control slopes eucalyptus had higher values than pine (total nitrogen 3.94 mg.m-2 in 
eucalyptus and 1.84 mg.m-2, total phosphorus 0.24 mg.m-2 for eucalyptus and 0.13 mg.m-2 for pine 
and total suspended solids 0.84 kg.ha-1 for eucalyptus and 0.55 kg.ha-1 for pine) but had less total 
runoff values (2.83mm for eucalyptus and 3.08 mm for pine) (Table 2).  
 
Figure 9 - Global pattern for total nitrogen, total phosphorus and total suspended solids export for pine and eucalyptus 
control 
Figure 9 represents the global pattern for the three analyzed parameters (total nitrogen, 
total phosphorus and total suspended solids) during the monitored period, and the highest 
values for all those parameters were in eucalyptus plot.  
Figure 10 represents the temporal evolution of those parameters. The first relevant event 
was in 8th of October 2013 and resulted in a runoff of 0.13 mm for pine plot and 0.42 mm for 
eucalyptus. Although the eucalyptus plot had higher amount of runoff it was the pine plot 
that presented higher values of exported nutrients and solids. The second significant event, 
which was in fact the biggest event recorded, occurred in 9th of January and generated a 
runoff of 1.04 mm for pine and 1.13 mm for eucalyptus plot. There was still one main event 
in 11th of February 2014 but only occurred in the pine slope but it had also 1.04 mm (250 L) 
of runoff and the exported values are lower than the previous event that gave origin to the 
same amount of runoff.  
In the first event (8th of October 2013) there was an exported value of total nitrogen of 0.45 
mg.m-2 for eucalyptus and 0.17 mg.m-2 for pine slope, the second event had 1.2 mg.m-2 for 
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eucalyptus and 0.72 mg.m-2 for pine. Finally as for the last significant rain event (11th of 
February 2014) in eucalyptus there was 0.33 mg.m-2 and 0.496 mg.m-2 in pine. Regarding to 
total phosphorus the first event had 0.05 mg.m-2 for eucalyptus and 0.03 mg.m-2 for pine, 
the second event reached 0.05 mg.m-2 for eucalyptus and 0.03 mg.m-2 for pine and, for the 
last event in eucalyptus it had 0.024 mg.m-2 and pine had 0.017mg.m-2. For this parameter 
there was still another relevant, only for eucalyptus plot event that occurred at 25th of March 
2014 and resulted in an exported value of 0.03 mg.m-2. As for the last parameter, total 
suspended solids, the reached values for the first event were 0.004 kg.ha-1 for eucalyptus 
and 0.13 kg.ha-1 for pine, although the eucalyptus slope had higher value at 17 of October 
2013 with 0.024 kg.ha-1, in the second event there was 0.0079 kg.ha-1 for eucalyptus and 
0.05 kg.ha-1 for pine, although the peak for both slopes was reached in 16th of January 2014 
with 0.014 kg.ha-1 for eucalyptus and 0.17 kg.ha-1 for pine. The last event had an export value 
of 0.006 kg.ha-1 for eucalyptus and 0.10 kg.ha-1 for pine slope. 
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Figure 10 – Temporal evolution of the three analysed parameters (total nitrogen (TN), total phosphorus (TP) and total 
suspended solids (TSS)) along with precipitation and runoff, for the unburnt slopes in eucalyptus (EC) and pine (PC) during 
the monitored period 
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 Low severity slopes 
For the low severity the slope with higher export values was the pine (total nitrogen: 4.02 
mg.m-2 for eucalyptus and 37.76 mg.m-2 for pine, total phosphorus: 1.43 mg.m-2 for eucalyptus 
and 3.31 mg.m-2 for pine and total suspended solids 5.83 kg.ha-1 for eucalyptus and 5.02 kg.ha-
1 for pine) and also with higher runoff (2.49 mm for eucalyptus and 10.21 for pine) (Table 2). 
In pine slopes burnt at low severity (Figure 12) three main events were recorded: in 8th of 
October 2013, 9th of January 2014 and 11th of February 2014 with a runoff of 1.28, 3.4 and 
1.7 mm, respectively. Relatively to eucalyptus slopes the events produce lower runoff.  
L
o
w
 S
e
v
e
ri
ty
0.0
0.5
1.0
4.0
8.0
12.0
Pine Low Severity
Eucalyptus Low Severity
0.0
0.1
0.2
1.0
2.0
0.0
0.3
1.5
3.0
Total Nitrogen [mg.m
-2
] Total Phosphorus [mg.m
-2
] Total Suspended Solids [kg.ha
-1
]
 
Figure 11 - Global pattern Global pattern for total nitrogen, total phosphorus and total suspended solids export for pine 
and eucalyptus low severity 
In the low severity slopes, even though the pine had the highest exported values (both 
nutrients and solids) the eucalyptus had higher median values (pine had some events with 
much more exported values) (Figure 11). 
The main events for the low severity slopes were 8th of October 2013, 2nd of January 2014 
and 11th of February 2014. During the monitoring period the highest values of exported total 
nitrogen were on 8th of October 2013 in both pine (2.4 mg.m-2) and eucalyptus (0.11 mg.m-
2) slope, on 19th of December 2013 for eucalyptus (0.76 mg.m-2), on 9th of January for pine 
slope (13.15 mg.m-2) and finally 11th of February 2014 for pine slope (3.65 mg.m-2). Observing 
the second parameter, total phosphorus, it is possible to see that the first event resulted in 
an export of 0.58 mg.m-2 for eucalyptus and 2.5 mg.m-2 for pine; the second event had 0.058 
mg.m-2 for eucalyptus and 0.399 mg.m-2 for pine; the third and last significant event had 0.11 
mg.ha-1 for pine and no data for eucalyptus, being the peak in 18th of February 2014 with 
0.02 mg.ha-1. For total suspended solids the values for first and second event were, 
respectively: 3.03 kg.ha-1 for eucalyptus and 2.34 kg.ha-1 for pine, 0.03 kg.ha-1 for eucalyptus 
and 0.78 kg.ha-1 for pine and the last peak for total suspended solids occurred at 18th of 
February 2014 with 0.034 kg.ha-1 for eucalyptus and 0.64 kg.ha-1 for pine. 
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Figure 12 - Temporal evolution of the three analysed parameters (total nitrogen (TN), total phosphorus (TP) and total 
suspended solids (TSS)) along with precipitation and runoff, for the low severity slopes in eucalyptus (ELS) and pine (PLS) 
stands during the monitored period 
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 High severity slopes 
Finally, in the high severity slopes, like the low severity the plot with higher export of 
nutrients and total suspended solids was the pine (total nitrogen – 47.27 mg.m-2 for 
eucalyptus and 161.09 mg.m-2 for pine, total phosphorus – 18.11 mg.m-2 for eucalyptus and 
24.86 mg.m-2 for pine and for total suspended solids 87.12 kg.ha-1 for eucalyptus and 244.96 
kg.ha-1 for pine) and also had more runoff (17.16 mm for eucalyptus and 20.11 mm for pine).  
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Figure 13 - Global pattern Global pattern for total nitrogen, total phosphorus and total suspended solids export for pine 
and eucalyptus high severity 
Besides having the highest total values, pine high severity also had higher median values 
(Figure 13) In the high severity plots (Figure 11) the three main events recorded for pine 
slope were on 11th of February 2014, 3rd of March 2013 and 1st of April 2014 with 
correspondent runoff values of 2.6, 3.14 and 1.97 mm. As for eucalyptus slope the three 
more relevant peaks were observed in 1st of October, 22nd of October and 2nd of January and 
the runoff values were 1.33, 2.96 and 1.77 mm. 
Regarding the total nitrogen, the highest peaks for pine slope were observed on 3rd of March 
2014 with 24.6 mg.m-2, 18th of February 2014 with 24.57 mg.m-2 and 1st of April 2014 with 
an export value of 20.27 mg.m-2. For the eucalyptus slope the main peak occurred on 2nd of 
January 2014 with a correspondent value of 6.79 mg.m-2 and the second major event was on 
31st of October 2013 with 4.3 mg.m-2. Total phosphorus showed, for eucalyptus slope, the 
biggest peak at 1st of October 2013 with 6.59 mg.m-2, being the second most relevant event 
on 22nd of October 2014 with 1.61 mg.m-2. In the pine slope the highest value was 3.86 mg.m-
2 and it occurred on 11th of February 2014, followed by the event on 3rd of March 2014 with 
3.7 mg.m-2 and then on 1st of April 2014 with 2.7 mg.m-2. For total suspended solids the 
highest peak was on 1st of April 2014 for pine with 49.8 mg.m-2 and 1st of October 2013 with 
35.6 mg.m-2for eucalyptus slope. The second relevant peak was on 2nd of January 2014 for 
pine slope with 42.9 mg.m-2 and in the same date for eucalyptus with 9.74 mg.m-2. 
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Figure 14 - Temporal evolution of the three analysed parameters (total nitrogen (TN), total phosphorus (TP) and total 
suspended solids (TSS)) along with precipitation and runoff, for the high severity slopes in eucalyptus (EHS) and pine (PHS) 
stands during the monitored period. 
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2.4.1.3 Global statistical analysis  
 
Table 4 represents the results from ANOVA test revealing that the factor that has a higher 
impact in nutrient and solid export is the fire severity. Between the types of vegetation (pine 
vs eucalyptus) no statistical differences were found although, for total suspended solids the 
correlation is almost significant. For total nitrogen, vegetation and severity have a significant 
interaction, which means that the role of severity depends on vegetation type, for this 
nutrient. Looking at Tukey Test, the statistically different factors were total nitrogen and 
total phosphorus for control slopes and total suspended solids for high severity slope. 
Looking for both pine and eucalyptus comparison they are statistical differences in all 
parameters between high severity and control and between high severity and low severity.  
 
Table 5 – Results from ANOVA repeated measures comparing between different vegetation type and different fire 
severities plots (*-p<0.05) 
 
Total Nitrogen Total Phosphorus Total Suspended Solids 
F p F p F p 
Date 1.394 0.251 1.903 0.103 1.306 0.321 
Severity  
(High vs Low vs Control) 
38.985 <0.001 54.242 <0.001 47.453 <0.001 
Vegetation 
 (Pine vs Eucalyptus) 
0.0102 0.921 1.875 0.186 3.764 0.068 
Vegetation vs Severity 4.853 0.021* 2.524 0.108 0.427 0.662 
TukeyTtest (All Pairwise Multiple Comparison Procedures) 
Control  
(Pine vs Eucalyptus 
- 0.041* - 0.037* - 0.173 
Low Severity  
(Pine vs Eucalyptus) 
- 0.333 - 0.372 - 0.691 
High Severity 
(Pine vs Eucalyptus) 
- 0.181 - 0.500 - 0.045* 
Pine 
(High vs Control) 
- <0.001 - <0.001 - <0.001 
Pine 
(High vs Low) 
- <0.001 - <0.001 - <0.001 
Pine 
(Low vs Control) 
- 0.030* - 0.126 - 0.376 
Eucalyptus 
(High vs Control) 
- <0.001 - <0.001 - <0.001 
Eucalyptus 
 (High vs Low) 
- <0.001 - <0.001 - <0.001 
Eucalyptus 
 (Low vs Control) 
- 0.996 - 0.358 - 0.051 
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2.4.2 Catchment Scale 
 
During the monitoring period (September 2013 – April 2014) the total rainfall was 1268.1 
mm, in Figure 13 it is possible to observe the time when the automatic samples were 
collected (yellow dots) and the stream flow for all the monitoring period (solid line). The 
main event happened in 2nd of January 2014 where it reached a stream flow of 4.59 mm.h-1, 
and the second big event was on 24th of December 2013 with a runoff flow of 4.53 mm.h-1.  
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Figure 15 –Temporal evolution of the sample collection in the monitored period along with the catchment stream flow 
 
Table 5 summarizes the ratio between total exported values per hour for each event as well 
as the total exported values for each event. The main event was event D that occurred on 
2nd of January 2014 for both nutrients and event H for total suspended solids. However, for 
event D, the automatic sampler only collect samples when the stream flow was decreasing, 
so the big peak was not captured, this could be a justification for the low value for total 
suspended solids. The smallest was event G on 1st of April 2014 for both nutrients and event 
A for the total suspended solids. Regarding total exported values per event the event with 
higher values was event C. 
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Table 6 – Ratio between total exported values per duration and total values  of each event occurred in the sampling period 
Total 
Event A 
(1st rain) 
Event B Event C Event D Event E Event F Event G Event H 
01/10/2013 22/10/2013 24/12/2013 02/01/2014 04/02/2014 08/02/2014 01/04/2014 05/04/2014 
TN  
[mg.m-2 
.hour-1] 
1.397 3.196 5.738 8.224 3.898 3.783 0.349 2.873 
TP  
[mg.m-2 
.hour-1] 
0.075 0.291 0.497 0.605 0.351 0.313 0.013 0.121 
TSS  
[kg.ha-1 
.hour-1] 
1.878 7.701 10.008 5.033 10.496 8.561 2.690 12.791 
Stream Flow 
[mm.h-1] 
0.4 0.7 1.0 2.3 1.1 1.5 0.1 0.7 
TN 
[mg.m-2] 
0.30 0.87 8.4 4.8 4.9 2.2 0.1 0.8 
TP 
[mg.m-2] 
5.59 9.59 97.5 65.8 54.6 26.5 2.8 20.1 
TSS 
[mg.m-2] 
7.5 23.1 170.14 40.36 146.9 59.9 21.5 89.5 
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Figure 16 - Temporal evolution of the three analysed parameters (total nitrogen, total phosphorus and total suspended 
solids) along with precipitation and stream flow at the catchment scale in the monitored period 
In Figure 14 it is visible the panorama of nutrient and solids export throughout the time along 
with the correspondent precipitation and runoff amounts. For the event of 2nd of January 
the automatic sampler didn’t collect any samples at the time of the biggest value of runoff 
flow, it only collected 2 hours later, and for that time the exported values of total nitrogen, 
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total phosphorus and total suspended solids were 16.7, 1.62 mg.m-2 and 20.37 kg.ha-1, 
respectively. Regarding the event of 24th of December and by the same order the exported 
values were 43.01, 4.38 mg.m-2 and 91.49 kg.ha-1. In order to make a more detailed analysis 
8 events (A to H; Figure 15) were selected and presented in the following figures. 
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Figure 17 - Temporal evolution of the precipitation and stream flow at the catchment level along with the event selection 
(A, B, C, D, E, F, G and H) in the monitored period. 
 
The selection of the events were based in some factors such as the duration of the event and 
the samples existing in each event. Event A was selected because it was the first rain event 
after the fire. The event on 2nd of January (Figure 16) was an unusual event in which the 
highest stream flow was recorded and it was distinguish due to the huge amounts of wooden 
trunk and sediments that were found in the flume. 
 
Figure 18 - Event of 2nd of January 2014 (Flume) 
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Figure 19 – Nutrients (total nitrogen – TN, total phosphorus – TP) and total suspended solids (TSS) concentration for events 
A and B 
 
Figure 17 shows that, for event B, the export of nutrients and solids happens after the peak 
of the flume stream. Analysing event A, it is possible to see that the peak of all the three 
analysed parameters occurred before the peak of the stream flow. 
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Figure 20 - Nutrients (total nitrogen – TN, total phosphorus – TP) and total suspended solids (TSS) concentration for events 
C and D 
 
Event C was one of the selected events where the automatic sampler captured the entire 
event, and it is observed that the concentration of each parameters increases and decreases 
with the runoff flow, although for the total suspended solids, the peak occurs before the 
stream flow. As for the event D it only collected samples as the water level was already 
decreasing, after de peak of the event, there are some smaller peaks for all the three 
parameters. (Figure 18) 
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Figure 21 - Nutrients (total nitrogen – TN, total phosphorus – TP) and total suspended solids (TSS) concentration for events 
E and F 
 
Figure 19 represent events E and F, being those, the second and third biggest events. In what 
concerns event E the peak is consistent with the peak from the stream flow, although there 
are some smaller occurring before. As for event F, all the three analysed parameters have its 
peak before the stream flow. 
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Figure 22 - Nutrients (total nitrogen – TN, total phosphorus – TP) and total suspended solids (TSS) concentration for events 
G and H 
Event G is slightly different from the others events because the water level raises and 
decreases in the event, but according to Ragman (2002) “A complete storm is a period of 
«significant» rainfall that is separated from previous and subsequent rainfall events by a 
«dry» period, a period is defined as «dry» if it lasts at least 6h” and this event meets this 
requirement. Even though the values are consistent with the stream flow. In event H, the 
peak of nutrient and solids export happens a bit earlier than the peak of the runoff flow. 
(Figure 20) 
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Table 7 - Correlation factors between the analysed parameters (total nitrogen (TN), total phosphorus (TP) and total 
suspended solids (TSS)) in the automatic sampler in the monitored period (n=81) 
Automatic Sampler 
  TSS [mg.m-2] Stream Flow [L.s-1] 
TN 
[mg.m-2] 
Correlation 0.750 0.885 
p-value <0.001 <0.001 
TP 
[mg.m-2] 
Correlation 0.852 0.889 
p-value <0.001 <0.001 
TSS  
[kg.ha-1] 
Correlation  0.675 
p-value  <0.001 
 
According to Table 6, export of nutrients showed a closest relation with the stream flow than 
with total suspended solids. Between nutrients and solids the ones with close relation were 
total phosphorus and total suspended solids. 
  
Inês Valente de Morais 
 
 
Page | 48  Universidade de Aveiro 
 
2.5 Discussion 
 
This study was focused on the role played by fire severity and vegetation in the export of 
solids and nutrients (total nitrogen and total phosphorus) from burnt areas and its effects 
on downstream water bodies. Regarding fire severity, in pine stand it was observed that the 
highest total values for suspended solids and nutrients (total nitrogen and total phosphorus) 
were found in high severity plots, and conversely the lowest values in the control.  
By comparing all three plots in the pine slope, statistical differences (p<0.05) were found 
between pine high severity and the other two and no differences found between low 
severity and control. According to Cerdà and Doerr (2008), pine needles reduce the amount 
of runoff produced, more than an ash covered soil and since the pine low severity slope was 
covered by those needles, this could explain the difference between pine high severity and 
pine low severity. 
For pine slopes, the high severity was the one that had greater percentage, in quantity, 
values of total nitrogen (98.9%  more that control plot and 76.% more than low severity), 
total phosphorus (99.5% more than control and 86.7% more than low severity), and total 
suspended solids (99.8% more than control plot and 97.3% more than low severity).  
In what concerns the eucalyptus and likewise in pine, the high severity plot is always the plot 
with higher percentage (quantity) of exported total nitrogen (91.7% more that control plot 
and 91.5% more than low severity), total phosphorus (98.7% more than control and 92.1% 
more than low severity) and total suspended solids (99% more than control plot and 93% 
more than low severity). The major peak for total nitrogen was correspondent to the main 
rainfall event (these two factor, total nitrogen and runoff are statistically correlated, 
p<0.001). Taking into account that total phosphorus is mainly transported by erosion 
aggregated to the total suspended solids, as can be observed in Table 2 (p<0.001) (Rodríguez-
Blanco M., 2010) it is possible to conclude that this values are consistent to the ones 
previously analysed. The biggest peak for total phosphorus and total suspended solids was 
the correspondent to the first rain event, which can be explained due to the fact that after a 
fire there is an increase of ashes on the soil surface, which are rich in nutrients (Certini, 2005; 
Shakesby, 2011; Caon et al., 2014).  
Therefore, for both eucalyptus and pine slopes, one of major findings of the present study 
was that high severity have much higher values of exported nutrients and solids, and control 
plot has the lowest one. In fact, the same pattern was observed by Pausas et al. (2008) in the 
case of soil loss. Thomas et al. (1999) also had the same conclusion, nutrient losses were 
greater in areas with more intense fires. In fact, according to Coelho et al. (2004) a high 
severity fire leads to a stronger water repellency soil thus leading to an increase on the runoff 
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volume, which can explain the fact that the high severity plot have much higher exported 
values.  
Considering all the monitoring period, in the high severity slopes, it was observed that at the 
early events the eucalypt reached higher values and, inversely the latest events had higher 
values for pine site. When looking at export of nutrients and solids in the long unburnt areas, 
pine control showed a lower export compared with the eucalyptus control, with statistical 
differences found for both nutrients (p<0.05) but without statistical differences for solids 
(p=0.173). By comparing this findings with previous works on nearby similar forests 
(Machado, 2012), an opposite pattern was observed by this author, with higher values of 
solids and nutrients found in pine plots. Still comparing both studies, the highest export of 
total nitrogen and phosphorus were found by Machado (2012) in pine plots (TN=51.24 g.ha-
1 and TP= 2.42 vs TN=18.4 g.ha-1 and TP=1.3 g.ha-1) and the highest export of solids was 
observed in the present study for the eucalyptus plots (385.8 g.ha-1 vs 836.6 g.ha-1).   
As for the low severity the plot with higher amount of exported nutrients and solids is the 
pine stand and for the three analyzed parameters, pine and eucalyptus slope did not had 
statistical differences (total nitrogen – p=0.333, total phosphorus – p=0.372 and total 
suspended solids – p=0.691). Regarding the vegetation cover, higher values were found in 
pine slopes for solids, total nitrogen and total phosphorus. However, no statistical 
differences were found between pine and eucalyptus plots (p>0.05).  
The main peak for eucalypt in total phosphorus and total suspended solids was on the early 
precipitation events, this could mean that the solids existent in the eucalypt are mostly like 
to be released as soon as the first rainfall occurs. This peak is common to total phosphorus 
and total suspended solids due to its strong correlation (p<0.001). 
As regards to Shakesby (2011) a window of disturbance after fire is expected. According to 
Prosser and Williams (1998) this is a period in which there is a probable erosion acceleration, 
in this hypothesis that probability is highly increased at the moment in which the fire occurs, 
and then is slowly decreased with time. Moreover, Shakesby (2011) reports that worldwide 
this “window” can have a duration of 3 months (Rich, 1962) or, usually between 3 to 10 years 
(e.g. Scott and Williams, 1978; Tiedemann et al., 1979; Wells et al., 1979; Helvey, 1980; 
Robichaud et al., 2000). In Mediterranean studies, the first 4 to 6 months after the fire is the 
period when the soil is more susceptible to erosion (Shakesby, 2011). However this period is 
not consistent with the one found in the present study, which showed that event 8 months 
after the fire there are still a large quantity of exported solids. 
Summarizing, when analyzing all monitoring data it is plausible to conclude that the factor 
that is more relevant in the export of nutrients and solids in this study area was severity. 
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However, even there were not found statistical differences between pine and eucalyptus, 
vegetation cover seems also to influence export but at a lower scale.  
In what concerns the catchment, there were two main events in the monitoring period, 
which correspond high exported values of all three analysed parameters (total nitrogen, total 
phosphorus and total suspended solids). The earlier events gave origin to lower stream flow 
(about 2.5 L.s-1), after the first peak the stream flow values were in a range of about 61.63 
L.s-1 and after the major peak all the events had a more rapid response to rainfall and higher 
stream flow values (225.26 L.s-1). The base stream flow for summer is lower than in winter 
and perhaps after the main precipitation event it returns to its normal flow.  
Since, in the area of this basin, it is located a small village (Macida) there is a need to compare 
the values of total nitrogen, total phosphorus and total suspended solids with the admissible 
values in the legislation. According to Decreto-Lei 236/98 the maximum admissible value for 
human consumption are, for total suspended solids 25 mg.L-1, for total nitrogen 51.15 mg.L-
1 (nitrite - 0.1 mg.L-1; nitrate – 50 mg.L-1; organic nitrogen – 1 mg.L-1; and ammonia – 0.05 
mg.L-1) and for phosphate 0.4 mg.L-1. Most of the collected samples had a concentration of 
total nitrogen lower than 51.15 mg.L-1, as for total phosphorus the only parameter existent 
in the legislation is phosphates, and since this work focused in total values is not directly 
compared, although only 10 out of 81 samples had higher value than 0.4 mg.L-1 for total 
phosphorus. Finally, the concentration of total suspended solids in this study were higher 
than 25 mg.L-1, reaching values in the order of thousands. This is a concern to both water 
quality and human beings’ health. 
Machado (2012) studied two unburnt basins during 7 months (one with mostly pine and the 
other with mostly eucalyptus) and the results of nutrient export were lower than the present 
study (TN: 0.47 and 1.46 kg.ha-1 vs 3.04 kg.ha-1; TP: 0.03 and 0.06 kg.ha-1 vs 0.23 kg.ha-1) 
although the main difference was between the export of total suspended solids (30.05 and 
28.96 kg.ha-1 vs 608.5 kg.ha-1). In addition to the study period being smaller, the amount of 
precipitation was also lower (137 and 118 mm vs approximately 851 mm in this study  
Focusing on the events A, F and H from the eight selected events, it is visible that the peak 
for both nutrients (total nitrogen and total phosphorus) and total suspended solids occur 
before the stream flow peak, this could intend that this high values came from a close 
location. According to Williams (1989) this can have two explanations, a depletion of 
available sediment before the peak of the water discharge (can occur due to a small supply 
being available or a long lasting or very intense flood) and the second is the formation of an 
armoured layer prior to the occurrence of the peak.  
With the objective of defining the most relevant event, a ratio between total export and 
duration of the event was determined, for all the eight selected events. The results 
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demonstrate that for both nutrients (total nitrogen and total phosphorus) the greatest event 
was on 2nd of January, and for total suspended solids it was 5th of April. A possible reason for 
this different values is that for the event of 2nd of January the automatic sampler didn’t 
collect any samples when the event was reaching its peak, and the solids could had its peak 
earlier than the stream flow. Furthermore, it is possible to see that the event of 12th of 
December 2013 exported more nutrients and solids, maybe if the peak of the 2nd of January 
was completed both nutrients would also have higher values. 
In conclusion, the contribution of the export of total nitrogen, total phosphorus and total 
suspended solids from the plot scale to the catchment is not very clear, the high values for 
the catchment scale may have other sources than the wildfires, that weren’t possible to 
determine with this study. When comparing the total exported values from the slopes and 
from the flume it can be observed that the values from the catchment are higher than the 
high severity plots, with exception in total phosphorus between basin and pine high severity 
(total nitrogen – 161 mg.m-2 for pine, 47.3 mg.m-2 for eucalyptus and 304 mg.m-2 for basin; 
total phosphorus – 24.9 mg.m-2 for pine, 18.1 mg.m-2 for eucalyptus 23.39 mg.m-2 for basin 
and total suspended solids – 224.96 kg.ha-1 for pine, 87.1 kg.ha-1 for eucalyptus and 608 
kg.ha-1 for basin). 
As previously documented, wildfires have impacts in nutrients (total nitrogen and total 
phosphorus) and total suspended solids export, this export have influence in aquatic systems 
(that affect not only aquatic organisms but also, at a different scale, human beings). So it is 
important to have remedial or, if possible preventive measures. For the pre –fire strategies 
they can be: forest management (for example, restore native species in the forests in order 
to reduce the fuel loads from flammable species), prescribed fire and preventive 
afforestation (Ferreira et al., in press). As for post-fire measures, the same author refers that 
they should be applied right after the fire so it prevents the high export associated to the 
first rain event. Ferreira et al. (in press) defends that it is better to prevent soil erosion at 
slope scale rather than catchment scale (accumulative effect); the treatment at catchment 
scale should be realized only as a secondary option. So, focusing in the slope scale, one of 
the most cost-effective treatment is mulching (Prats, 2013), which uses mainly available 
materials existent in the region such as: straw, needles, chopped bark, etc. (Ferreira et al., in 
press). 
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2.6 Conclusions 
 
The results of this study evidence that fire severity and vegetation type have influence in 
nutrient and solid export, although the influence of fire severity is much more significant 
than the vegetation type. When analyzing the first factor, severity of the fire, it is possible to 
conclude that a high severity fire lead to much higher exported value of each one of the 
analyzed parameters.  
As for vegetation type, it is not absolutely clear how it influences the nutrient and solids 
export, but it is possible to affirm that for control and low severity, eucalyptus is the one 
with higher exported values (probably due to the fact that eucalyptus soil are more water 
repellent than pine, leading to higher values of runoff thus higher values of exported 
nutrients and solids) and for high severity the pine presented higher exported values.  
The findings corroborates previous studies (Rodríguez-Blanco et al., 2010) that showed also 
that total phosphorus is aggregated to the solids, for both plot and catchment scale. For the 
plot scale it is also possible to say that total nitrogen has a strong correlation with the runoff, 
although at the basin scale that correlation is not so evident.  
There were similar studies in which the export of total nitrogen, total phosphorus and total 
suspended solids in unburnt areas were analyzed (Machado, 2012) and studies in which the 
export of total suspended solids in burned areas were studied (Machado, 2011). Comparing 
to those studies it is possible to say that the values are in the same range nevertheless, in 
order to make more reliable conclusions it is necessary to do some more research, especially 
in different cover sites. 
Regarding the basin scale, it is possible to conclude that higher stream flow values results in 
higher nutrient (total nitrogen and total phosphorus) and total suspended solids export. The 
low quality of the water, in what concerns the total suspended solids, could be related to the 
wildfires and this will have negative impacts in downstream organisms. 
This study highlight the importance of wildfire as a driver for the soil and fertility loss with 
consequent/potential impacts on surface water quality. 
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3 General conclusions and final considerations 
 
The impacts of wildfires had already been studied by other authors (for example: Ferreira et 
al., 2005; Certini, 2005; Shakesby et al., 2013; Caon et al., 2014) but the impact of different 
severity in total nitrogen and total phosphorus existent in runoff water has not been covered 
by those studies. Following this, it is difficult to compare the results of this study with 
previous ones although, this is an interesting topic for future work. 
The objectives of this study were to study the influence of fire severity and vegetation in 
nutrient and soil loss. As for the fire severity, in both pine and eucalyptus the plot with higher 
export values of all three parameters was the high severity, followed by the low severity. 
Even known that there are no studies for this exactly parameters there are other studies that 
demonstrate that a burnt area has more runoff than a non-burnt one (Thomas et al., 2000; 
Ferreira et al., 2005), which lead to an increase of exported nutrients. 
In what concerns to the effects of vegetation cover, for the high severity plot the pine stand 
had more exported nutrients and solids than the eucalyptus and for low severity and control, 
the pine was the one with greater exported values. One possible justification is the fact that 
the eucalyptus trees usually have a more water repellent soil (Scott, 2000) and, seen that 
the low severity and the control plot aren’t statistically different this could mean that the 
permeability of the soil is the reason why they have more export. However, the results from 
the ANOVA show that the vegetation effect is not so significant as the severity effect. 
For the catchment scale, the impacts of wildfires are higher total runoff, higher runoff 
coefficient and more rapid response to peak flows (Shakesby, 2011), in this case it is not 
possible to affirm that those impacts were observe because there is no monitored catchment 
of a non-burnt area to compare with. 
This study had some limitations, especially in what concerns the field work such as, in the 
high severity plots, the runoff volume generated in bigger events is higher than the storage 
capacity of the boxes, leading sometimes to overflow situations. This occurs mainly because 
of the confluence of water to our plot, and in the end the information of the runoff 
generation is sub estimated. 
Considering the field limitations previously referred, it is suggested to future work: 
 reduction of the runoff plot areas, allowing to storage all the superficial runoff in the 
available boxes, or in alternative instrument boxes with more capacity, or increase 
the number of boxes; 
 increase the number of runoff plots, enabling a more robust statistical analysis.  
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It could have been interesting to analyze the water from the rain to see if it contains any 
amount of the studied nutrients or any other important compound and also, there are two 
other factors that could have been analyzed in this work, electrical conductivity and pH. 
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